Basalts drilled from the East Pacific Rise, OCP Ridge, and Siqueiros fracture zone during Leg 54 are texturally diverse. Dolerites are equigranular at Sites 422 and 428 and porphyritic, with phenocrysts of plagioclase (An 69 . 73 ) and Ca-rich clinopyroxene (Ca 42 Mg 48 Fe 10 ) at Site 427. The East Pacific Rise lavas and some of those from the OCP Ridge are fine-grained and porphyritic. The majority of the large crystals are clustered skeletal glomerocrysts of plagioclase An 64 . 77 ), together with olivine (Fo 80 _ 87 ), Ca-rich clinopyroxene, or both. Euhedral phenocrysts of plagioclase, together with olivine, Carich clinopyroxene, and Cr-Al spinel in some cases, occur in most of the fine-grained lavas. These phenocrysts are small (maximum dimension < 1 mm in all but one sample), sparse (combined modal amount <1% in all samples), and distinctive from the megacrysts which characterize many ocean-floor lavas.
INTRODUCTION
Several of the sites drilled during DSDP Leg 54 yielded basalts which were produced along the East Pacific Rise spreading axis. This chapter contains a description of electron-probe microanalyses of the silicate minerals in nine samples, from all the main petrological units identified by the shipboard party at these locations (Sites 420, 421, 423, and 429) . Also included are comparable data on seven representative samples from Sites 422 and 428, adjacent to the OCP Ridge, and two from Site 427, in the Siqueiros fracture zone (see Figure 1) .
The present study has three main objectives. First, it contributes toward the detailed petrological description of the East Pacific Rise lavas, facilitating their comparison with those of other spreading axes. In this part of the work, we concentrate on determining the phenocryst mineralogy, and provide data for use in petrochemical calcualtions. Secondly, we compare phenocryst mineral compositions of basalts from the East Pacific Rise, OCP Ridge, and Siqueiros fracture zone. Thirdly, we investigate the complex zoning displayed by the pyroxenes in some of the coarse dolerites sampled during this Leg. We then compare these zoning trends with other terrestrial and lunar occurrences. They illuminate the general problem of how basalt magma crystallizes under various circumstances.
PETROGRAPHY

Humphris and Thompson (this volume) give a general account of the petrography of the Leg 54 basalts.
Only the microprobe study is detailed here. In general, the basalts studied are moderately fractionated (Sites 422, 428, and part of 429) to highly fractionated ferrobasalts (Sites 421, 423, 427, and part of 429).
Megacrysts
The megacrysts of various minerals (5 mm or more in size), which are common in many ocean-floor basalts, are rare in this part of the East Pacific. The shipboard party noted a few, but none occurs within the 146 thin sections (two each from 73 specimens) in the collection used for this study. The phenocrysts in the Site 427 porphyritic dolerites are almost large enough (up to 2 mm in maximum dimension) to be called megacrysts, had they occurred in finer-grained rocks. As it is, they are only up to twice as large as the coarse groundmasses of the dolerites containing them.
Phenocrysts: A Problem of Definitions
The samples used for microprobe studies include four OCP Ridge equigranular dolerites [Samples 422-7-1 (Piece 9), 422-8-5 (Piece 14), 428A-5-2 (Piece 5a), and 428A-6-1 (Piece 6)] and two Siqueiros fracture zone porphyritic dolerites [Samples 427-10-3 (Piece 3) and 427-11-1 (Piece 3)]. The remaining 12 lavas are all extremely fine grained, and contain varying amounts of microphenocrysts with diverse morphologies (Plate 1, Figures 1 through 8), as follows: 1) Some samples have clear-cut porphyritic textures, containing euhedral microphenocrysts, 0.2 to 1.5 mm in size, set in groundmasses of either spherulitically devitrified glass or microgranular silicate crystals. Examples of this group are Samples 421-3-1 (Piece 14) (plagioclase and olivine-phyric; Plate 1, Figure 2 ), 423-8-1 (Piece 4) (plagioclase and augite-phyric; Plate 1, Figure 3) , and Samples 421-3-1 (Piece 8) and 429A-2-1 (Piece 16) (plagioclase-phyric). The plagioclase microphenocrysts are sub-equant, with elongations not exceeding 5:1.
2) Other samples are typical representatives of the glomerophyric texture which is widespread in oceanfloor basalts. These contain stellate clusters of plagioclase, together with olivine [Samples 429A-2-1 (Piece 4a); Plate 1, Figure 3 ; 428-5-4 (Piece 2); Plate 1, Figure  5 ; 428-6-2 (Piece 12); Plate 1, Figure 4 ], augite [Samples 420-13,CC (Piece 1); Plate 1, Figure 6 , 423-7-1 (Piece 6), 423-8-1 (Piece 4)] or both [Samples 420-16-1 (Piece 1), 421-4-1 (Piece 3), and 422-9-2 (Piece 4c); Plate 1, Figure 7 ]. In specimens such as Samples 420-16-1 (Piece 1) and 429A-2-1 (Piece 4a) (Plate 1, Figure 3) , from the chilled margins of pillow lavas, the glomerophyric clusters are evenly distributed in a matrix of fresh glass. Microprobe analyses of such glasses in dredge hauls and DSDP drill cores (e.g., Byerly et al. 1977; Thompson, in press) show that they are extremely homogenous in chemical composition throughout eruptive units, implying that any crystals within them grew entirely before extrusion of the magma. In contrast, specimens such as Sample 420-13,CC (Piece 1) (Plate 1, Figure 6 ) contain glomerophyric clusters that vary widely in the size of their constituent crystals and distribution. Thus, areas of a thin section up to 3 × 1 mm are almost totally devoid of crystals exceeding 0.05 mm, while adjacent areas are full of plagioclase laths up to 0.8 mm in length. Such a texture seems to imply differential movement of liquid and glomerophyric clusters, together with some postextrusion growth of the latter. In view of the diverse textures shown by the glomerocrysts in Leg 54 samples, we describe them separately from the equant, non-skeletal, isolated phenocrysts throughout this chapter.
3) Hybrids between the two previous textural types are provided by specimens which contain sub-equant, euhedral, isolated phenocrysts of various phases, in addition to glomerophyric clusters. In specimens such as Samples 421-3-1 (Piece 14) (Plate 1, Figure 2 ) and 423-8-1 (Piece 4) (Plate 1, Figure 1) , the relationship is unambiguous, because the true phenocrysts are larger than their glomerophyric neighbors. As the latter become coarser, the distinction between phenocrysts and glomerocrysts is progressively more difficult to make. In extreme cases, such as Samples 420-13,CC (Piece 1) (Plate 1, Figure 6 ) and 422-9-2 (Piece 4c), (Plate 1, Figure 7 ), the skeletal plagioclase glomerocrysts are longer than the phenocrysts associated with them, and the latter may be detected only by means of their morphology and compositions.
The concept that the first-formed plagioclases in some of the Leg 54 lavas have smaller maximum dimensions than their associated "groundmass" plagioclases produces a nomenclature problem. In this account these first-formed crystals are called "phenocrysts," obviating the use of any term that is more precise but also more cumbersome. It may well be that these sub-equant, euhedral crystals contain more plagioclase by volume than the long but thin and skeletal glomerocrysts accompanying them.
PHENOCRYSTS
Modes and Sizes
Modal analyses of the samples used for mineralogical study are given in Table 1 . The spacing of the pointcounting grid was 0.15 × 0.2 mm. The number of points varied from 2000 to 5000, depending on the grain size and texture of each rock. There are two main sources of error in these modes. First, in all samples that do not have a glassy groundmass a problem of varying severity exists as to which points falling on very small crystals should be allocated to fine-grained glomeroporphyritic clusters and which points to call groundmass. Secondly, the abundances of non-glomerophyric, nonskeletal phenocrysts are so low in all the samples that they are too sparsely distributed to be sampled adequately by a single thin section.
The maximum dimensions of the various crystal groups recorded in the modal analyses are also listed in Table 1 . Apart from the Site 427 porphyritic dolerites and Site 422 and 428 equigranular dolerites, the samples used in this study are very fine grained. Their phenocryst contents involve problems of definition, as discussed above. Some of the samples are virtually aphyric, by any definition. Others contain up to 20 volume per cent of phenocrysts. Nevertheless, the amounts of equant or sub-equant, euhedral, isolated phenocrysts in all the fine-grained lavas do not exceed 0.5 per cent, so that the large majority of the phenocrysts in the more porphyritic samples are elongate, skeletal crystals in glomerophyric groups. This point needs to be emphasized, because it affects any discussion of crystal fractionation or accumulation in the Leg 54 lavas. The non-skeletal phenocrysts are suitable for consideration in terms of Stokes' Law. In contrast, the stellate glomerophyric clusters of diverse skeletal crystals must float or sink far less readily in basic magma than spheres of equivalent volume.
The skeletal crystal morphologies imply rapid growth rates. Specifically, the olivines in Samples 420-16-1 (Piece 1) and 429A-2-1 (Piece 4a) (Plate 1, Figure 3 ) are excellent examples of hopper olivines, in the terminology of Donaldson (1976) . The experiments at 1 atmosphere by Donaldson (1976) on ocean-floor basalts demonstrate that hopper olivines probably grow in these normative-olivine-poor melts under conditions of considerable undercooling. Similarly, the experiments of Lofgren and Donaldson (1975) indicate that appreciable supercooling is a prerequisite for the growth of elongate, curved, skeletal plagioclases, as are characteristic of the Leg 54 glomerocrysts.
Compositions
The electron probe microanalyses were made at Imperial_College, using a Cambridge Instruments Microscan V probe fitted with a Link EDS detector. The operating conditions were as follows: accelerating voltage = 15 kv, specimen current = 0.01 µa, counting time = 100 s for all phases except feldspar (50 s), beam focused to its minimum spot. Table 2 summarizes the core compositions of phenocrysts (including glomerocrysts) in the 14 porphyritic samples from Leg 54 used in this study. In addition, the most calcic plagioclases and ferromagnesian mineral analyses with the highest Mg/Fe ratio in four equigranular OCP Ridge dolerites are also listed. The following convention is used in this table. If all the analyses of the cores of a phenocryst mineral in a given rock vary by less than 3 per cent in major components (such as mole per cent forsterite or anorthite), that phase is recorded as unzoned and the mean composition is given. For minerals with greater core-composition ranges, the most Mg-rich olivine and pyroxene and Ca-rich plagioclase are recorded. Representatives of the 510 mineral analyses obtained during this study are given in Table 3 . When using the data in this table, it should be remembered that EDS microprobes are less sensitive to small amounts of elements than wavelength-dispersive systems. Values of oxides below 0.2 per cent for light elements, such as (Piece 14) 421-4-1 (Piece 3) 423-7-1 (Piece 6) 423-8-1 (Piece 4) 429A-2-1 (Piece 4a) 429A-2-1 (Piece 16) 422-9-2 (Piece 4c) 428-5-4 (Piece 2) 428-6-2 (Piece 12) 427-10-3 (Piece 3) 427-11-1 (Piece 3) Olivine Phenocrysts
Plagioclase Glomerocrysts 7.1(0.8) 1.1(0.8) _ _ 2.6(0.6) 0.9(0.5) 0.8(0.4) 5.5(0.9) _ 16.5(0.9) 4.9(0.8) 1.9(0.9) Note: U = unzoned; Z = radial-zoned; S = sector-zoned. See text for discussion of these terms. The bracketed plagioclase compositions are calcic cores within phenocrysts.
Na and Mg, and below 0.1 per cent for heavier elements, such as Fe, are probably not reliable.
Olivine No significant zoning was detected in any of the olivines in Leg 54 samples. Only the solitary, equant, euhedral 0.3-mm crystal in Sample 421-3-1 (Piece 14) may reasonably be described as a phenocryst. In all the other olivine-bearing porphyritic samples this phase either adopts strongly skeletal morphologies or occurs as tiny equant grains, up to 0.2 mm in size, in glomerophyric groups. Microprobe analyses of the fresh basaltic glass in chilled parts of the olivine-bearing Samples 420-16-1 (Piece 1) and 429A-2-1 (Piece 4a) are reported by Humphris and Thompson (accompanying chapter). If Fe 2 O 3 in the glass is taken to be 1.1 per cent-i.e., the value in the Smithsonian Institution MORB glass standard USNM 113716 (Thompson, in press )-the ratio of Fe/Mg in olivine to Fe +2 /Mg in surrounding glass is 0.27 for Sample 420-16-1 (Piece 1) and 0.26 for Sample 429A-2-1 (Piece 4a). These values are a little lower than those obtained in equilibrium experiments (Roeder and Emslie, 1970; Thompson, 1974) , but they are close to the coefficients obtained in other studies of olivine compositions in ocean-floor lavas (Donaldson, 1975a; Hekinianet al., 1976) .
Plagioclase
The porphyritic, fine-grained samples from both the East Pacific Rise and OCP Ridge suites show similar complexities of plagioclase morphology and compositon; they are therefore treated together. As already described, plagioclase occurs in two forms within these porphyritic rocks: as sub-equant isolated euhedra, and as glomerophyric elongate skeletal crystals which are often curved. These types coexist in varying proportions and have textures that depend upon the relative sizes of the two crystal forms.
The glomerophyric/elongate plagioclases have cores which are unzoned in some samples and normally zoned in others. The range of glomerophyric plagioclase core compositions found in the Leg 54 lavas examined during this study is An^ to An 77 . The normal zoning in their rims amounts to only a few per cent An, in contrast with coarsely doleritic samples, such as Sample 428A-5-2 (Piece 5a), where the zoning extends to An 16 .
The euhedral, isolated plagioclase phenocrysts are unzoned-with or without faint oscillations-in some samples and zoned in others. Two of the East Pacific Rise specimens, Samples 421-3-1 (Piece 8) and 429A-2-1 (Piece 16), contain phenocrysts of plagioclase alone. In both cases these are zoned, with An 82 -to-An 83 cores and An 59 -to-An 72 rims. Three other East Pacific Rise lavas [Samples 421-3-1 (Piece 14) (Plate 1, Figure 2 ), 423-7-1 (Piece 6), and 423-8-1 (Piece 4) (Plate 1, Figure 1) Figure 7 ). Within the largest of these are subequant inner cores of An 87 , which are unzoned except for faint oscillations and have sharp euhedral margins. The other two OCP Ridge lavas studied, Samples 428-5-4 (Piece 2) (Plate 1, Figure 5 ) and 428-6-2 (Piece 12), contain zoned glomerophyric plagioclase with 87 ) are widespread within the plagioclase phenocrysts of both East Pacific Rise and OCP Ridge lavas drilled during Leg 54. In some East Pacific Rise samples these calcic cores are zoned continuously outward to the compositions of the glomerophyric plagioclases containing them. But in most Leg 54 samples, there is a clear compositional gap of 8 to 10 per cent anorthite component (with or without resorption), followed by the precipitation of more-sodic plagioclase mantles and rims to the phenocrysts.
Another empirical mineralogical relationship in the Leg 54 samples concerns the compositions of coexisting olivine and plagioclase. In all six samples containing these phases within glomerophyric clusters, the forsterite content of the olivine is 10 (± 1) per cent greater than the anorthite content of the associated plagioclase.
Cr-AI Spinel
Spinel occurs as a phenocryst in only one of the Leg 54 rocks studied in detail. It form tiny, very sparse euhedra in Sample 422-9-2 (Piece 4c), from the OCP Ridge. These crystals are located only within, or partially within, the calcic bytownite cores contained in a small proportion of the plagioclase glomerocrysts in this lava (see above). In contrast, the olivine microphenocrysts in Sample 422-9-2 (Piece 4c) are only found intergrown with the sodic bytownite outer parts of the plagioclases. It therefore appears from the texture that olivine and Cr-AI spinel did not coprecipitate in this rock. The ratio of A1 2 O 3 in Sample 422-9-2 (Piece 4c) to that in its spinel microphenocrysts is the same as reported for Leg 37 basalt spinels by Sigurdsson (1977) (his Figure 5 ).
Clinopyroxene
The only phenocryst pyroxene in Leg 54 samples is Ca-rich clinopyroxene, within the compositional range of endiopside-augite (approaching sub-calcic augite). There are difficulties in interpreting the textures and zoning of this pyroxene. In specimens with simple porphyritic textures, such as Samples 423-8-1 (Piece 4), 427-10-3 (Piece 3), and 427-11-1 (Piece 3), the pyroxene forms euhedral or subhedral, equant phenocrysts. These coexist with phenocrysts of plagioclase alone, except for a trace of olivine in Sample 420-16-1 (Piece 1).
Clinopyroxene is also a component of the glomerophyric clusters in many Leg 54 samples. As with plagioclase, the status of the pyroxene glomerocrysts varies from groundmass, in tiny stellate clusters around phenocrysts, to that of a component of relatively coarse glomerophyric clusters, where it can be argued that this phase is a phenocryst. The glomerophyric pyroxenes are characterized by shadowy extinction and irregular sector-zoning. The latter is easy to observe optically when the crystals are subhedral, but is revealed only by microprobe analyses in cases where the crystals are skeletal.
The composition of the pyroxene in unequivocal phenocrysts does not differ significantly from Ca 41 Mg 49 Fe 10 , in all the rocks where this phase occurs (Tables 1 and 2 ). The glomerophyric pyroxenes are all slightly more Ferich than this. They show two types of zoning: varying Mg/Fe ratio at approximately constant Ca/(Mg + Fe) ratio and varying Ca/(Mg + Fe) ratio at approximately constant Mg/Fe ratio. In skeletal crystals, the latter type resembles the "quench trend" described by Smith and Lindsley (1971) . Nevertheless, in samples with subhedral glomerophyric pyroxenes, it is clear from both the optics of the crystals and the bimodality of the microprobe analyses that this sub-calcic "trend" is in fact the result of sector-rather than radial-zoning. Bence et al. (1975) reached a similar conclusion in their discussion of Late Cretaceous ocean-floor basalts drilled in the central Caribbean during DSDP Leg 15. The sector-zoned pyroxenes are listed as such in Table 2 .
The minor elements in the pyroxenes of the Leg 54 samples are useful indicators of various aspects of their crystallization. Chromium shows strong radial deple- IV rises. The pyroxenes in glomerophyric clusters (both coarse and fine-grained) show a distinctive trend on Figure 2 . They range to lower values of Si and higher Al than the isolated phenocrysts, but, at an equivalent Si value, they contain less A1 VI than the latter. It is important to note that the pyroxene glomerocryst data include analyses of crystals in Sample 421-3-1 (Piece 14), where this phase is definitely in the groundmass (Plate 1, Figure 2 ). It should therefore be stressed that the minor-element chemistry of the glomerocrysts, even when they are in relatively coarse clusters, is distinct from that of unequivocal pyroxene phenocrysts in these rocks, and continuous with that of the skeletal groundmass pyroxenes in the porphyritic lavas. Figure 3 is a plot of Ti and Al in clinopyroxene phenocrysts, glomerocrysts, and the centers of coarse crystals in dolerites. Data for pyroxenes in the three dolerites [Samples 422-7-1 (Piece 9), 428A-5-2 (Piece 5a), and 427-10-3 (Piece 3)] subjected to detailed study are not included in this diagram (see Figures 4 and 5) . The isolated phenocrysts and dolerite crystal-core analyses fall along a narrow trend on Figure 3 . There is a marked lack of points with values of Al between 0.095 and 0.115; the trend also shows a kink at this point. It is clear from the data on individual crystals that these features of Figure  3 are due to sector-zoning in the Leg 54 pyroxenes.
It has not been possible to assign crystallographic indices to these irregularly developed sector-zones in very small pyroxene microphenocrysts. This matter will be considered further in discussing the coarse OCP Ridge dolerite Sample 428A-5-2 (Piece 5a). If the data of Figures 2 and 3 are combined, it is apparent that the Tipoor zone (or zones) is also relatively depleted in A1 IV and A1 VI , while the Ti-rich zone (or zones) is richer in Al with both coordinations. It is also clear from Table 3 that most of the A1 VI is accommodated in these pyroxenes in the form of Ca-Tschermak's component, CaAl 2 SiO 6 .
The analyses of glomerophyric pyroxenes plotted on Figure 3 have high values of Ti and Al, which overlap and extend the range established by the phenocrysts. Moreover, the relative enrichment of the glomerocrysts in Ca-Tschermak's component is striking. In the Leg 54 lavas this pyroxene is located in the groundmass (in some samples) of tholeiitic lavas, where CATS substitution should be minimized during equilibrium crystallization. It seems probable that the anomalous chemistry of the glomerophyric pyroxenes is due to their rapid metastable growth under supersaturated conditions. This view is consistent with the forementioned observations on the crystal morphology of plagioclase and olivine in the glomerophyric lavas and with the occurrence of skeletal clinopyroxene in some samples [e.g., Sample 422-9-2 (Piece 4c)]. Table 4 gives the order of crystallization in the 14 porphyritic samples used in this study, as deduced from their textures and mineral compositions. The crystallization sequences of the Siqueiros fracture zone samples from Site 427 appear to be simple, comprising liquidus coprecipitation of plagioclase and clinopyroxene. In contrast, both the East Pacific Rise and OCP Ridge porphyritic lavas contain evidence in their phenocrysts of a rather complex crystallization history.
Influence of Water on Phenocryst Compositions
The evidence detailed in this chapter shows that calcic plagioclase precipitated before most, or even all, the other phenocrysts in these lavas. It is the sole phenocryst phase in Samples 421-3-1 (Piece 8) and 429A-2-1 (Piece 16) and occurs as cores within more-sodic plagioclase in six of the remaining 10 rocks studied, including at least one from each hole. In Sample 422-9-2 (Piece 4c), there is no doubt that a small amount of Cr-Al spinel coprecipitated with the calcic plagioclase. It is probable that clinopyroxene accompanied the liquidus plagioclase in the magmas of Samples 420-13, CC-1 and 423-8-1 (Piece 4). Nevertheless, the textural relationships between these minerals do not prove their coprecipitation beyond doubt. Calcic plagioclase is observed alone as the earliest phase in the remaining five occurrences in this study. The amounts are so small (Table 1) that another coprecipitated phase could easily fail to be represented in a pair of thin sections. Nevertheless, the absence of such phases-notably forsteritic olivine-from the entire available collection is probably significant. It should be noted that no inclusions of glass have been observed within the calcic plagioclases in any of the Leg 54 samples studied by the authors.
The interpretation of the crystallization history of phenocrysts in the Leg 54 lavas from the East Pacific Rise and OCP Ridge hinges on a decision whether the early-formed calcic plagioclases are xenocrysts (signifying magma mixing) or phenocrysts (subsequently thrown out of equilibrium with the magma by changing physical conditions). These alternatives have been debated by various authors in relation to most suites of ocean-floor lavas subjected to detailed study. In examples where a strong case has been made for magma mixing (e.g., Muir and Tilley, 1964, 1966; Donaldson and Brown, 1977; Dungan and Rhodes, 1978) some, at least, of the large crystals in the rocks are blatantly xenocrystal. Their characteristic features are: large size (>l mm); rounded or irregularly embayed shapes (with or without zoned overgrowths); random compositional relationships to those of euhedral microphenocrysts or skeletal glomerocrysts in the host lava (the megacrysts are either more or less refractory, or both); and abundant content of glass inclusions that are dissimilar in composition from the glass phase of the host lava. These inclusions are reported either in zones along crystal-growth planes or, most significantly, in irregular networks throughout crystals, suggesting the infilling of corrosion channels. Apart from rounding in some (but not all) instances, the Leg 54 East Pacific Rise and OCP Ridge calcic plagioclases show none of the listed criteria for xenocrysts. Therefore the mineralogical and textural evidence for magma mixing, in these particular ocean-floor lavas, is weak.
The data summarized in Table 2 show that the compositions of the calcic plagioclase phenocryst cores in Leg 54 lavas from the East Pacific Rise and OCP Ridge are systematically related to those of the phenocrysts enclosing them. Thus, the latter range from An 67 to An 77 , while their cores range from An 79 to An 87 . This feature may be reconciled with a magma-mixing genetic scheme by the introduction of ad hoc postulates. For instance, it may be supposed that the ratio of more primitive to more evolved melt in the mixture was high, so that the composition of the latter was "swamped" by the former in the final mixture. If this was the case, it is hard to see why the compositional gap between the calcic cores and surrounding phenocrystal plagioclase (9 to 1297b An) is as large (and larger) as that between calcic xenocrysts and associated equilibrium plagioclase phenocrysts in published examples of mixed-magma lavas (e.g., Donaldson and Brown, 1977; Dungan and Rhodes, 1978) .
In view of these features, it seems logical to consider the possibility that the calcic bytownite occurring as the Note: 1/1 = skeletal glomerocryst; 1/2 = euhedral calcic core in glomerocryst; 1/3 = ei•hedral unzoned phenocryst; 1/4 = anhedral glomerocryst; 2/1 = skeletal phenocryst; 2/2 and 2/3 = euhedral phenocrysts; 3/1 = core of euhedral phenocryst; 3/2 = rim of euhedral phenocryst; 4/1 = euhedral phenocryst; 4/2 = rounded calcic area in core of phenocryst; 4/3 = core of euhedral phenocryst; 4/4, 4/5, and 4/6 = skeletal pheπocrysi; 0/1 aπu o/z -s^eieiai giomerocrysis; y/i = core or euneurai pnenocrysi; y/z -nm 01 euπe-dral phenocryst; 10/1 = small round intergrown crystal; 10/2 = core of intergrown lath; 10/3 and 10/4 = cores of intergrown equant crystals; 10/5 = rim of intergrown equant crystal; 11/1 = small round intergrown crystal; 11/2 = core of intergrown lath; 11/3 = core of intergrown equant crystal; 12/1= euhedral glomerocryst; 12/2 = euhedral calcic core in phenocryst; 12/3and 12/4 = euhedral phenocrysts; 13/1 = euhedral glomerocryst; 13/2 = oval calcic core in glomerocryst; 13/3 = skeletal outer part of previous crystal; 14/1 and 14/2 = euhedral glomerocryst; 15/1 = core of intergrown lath; 15/2 = skeletal interstitial lath; 15/3 = unzoned euhedral crystal core; 15/4 = (010) sector of crystal inner mantle; 15/5 = (110) sector of crystal inner mantle; 15/6 = (100) sector of crystal inner mantle; 15/7 and 15/8 = rims of intergrown anhedral crystals; 15/9 = rim of intergrown anhedral crystal adjacent to pigeonite outgrowth; 15/10 = epitaxial overgrowth adjacent to previous analysis; 16/1 = small round intergrown grain; 16/2 = core of intergrown lath; 16/3 = core of intergrown equant crystal; 17/1 and 17/2 = subhedral phenocrysts; 17/3 = core of intergrown equant groundmass crystal; 17/4 = rim of intergrown equant groundmass crystal; 18/1 and 18/2 = subhedral phenocrysts. ?Total Fe as FeO. -= oxide below detection limit.
sole phenocrysts in Samples 421-3-1 (Piece 8) and 429A-2-1 (Piece 16) and as calcic cores within phenocrysts in other East Pacific Rise and OCP Ridge lavas is cognate to the rocks in which it is found. In such a model an explanation must be forthcoming for the abrupt cessation of plagioclase-dominated early crystal assemblages, together with variable resorption (in most but not all cases) of the calcic bytownite. Both load pressure and /? H2 o affect the precipitation of plagioclase from basalt magma. If the plagioclase phenocryst cores in these lavas formed under high load pressures, they would be more sodic than the feldspar surrounding them-the opposite relationship from that observed. High/? H2O causes the plagioclase precipitating from basalt magma to be more calcic than that which forms under anyhydrous conditions. Published studies of the volatiles contents of oceanfloor lavas from several localities demonstrate that, after their eruption and quenching, these rocks show few signs of ever having been hydrous magmas. Thus, Moore et al. (1977) have found that carbon dioxide comprises more than 95 per cent by volume of the gases filling vesicles within glassy pillow margins of several Atlantic and Pacific ocean-floor basalts. Delaney et al. (1978) and Muenow et al. (1979) have found CO 2 -dominated vapor phases in the glass inclusions within olivine and plagioclase phenocrysts and megacrysts (0.5 to 10 mm) in ocean-floor basalts from several localities. These authors have also shown that low water contents in phenocryst inclusions is not a worldwide feature of ocean-floor lavas; the crystal-enclosed glasses of basalts from the Marianas Interarc Basin have a high H 2 O/CO 2 ratio. The pillow-margin glasses of all ocean-floor lavas studied by these authors show a high H 2 O/CO 2 ratio. The carbon dioxide contents in these lavas appear to be sufficient to saturate the magmas at the pressures imposed by ocean depth at their extrusion sites, whereas the water contents seem to be below theoretical saturation values (except for the Marianas samples).
The data on volatiles appear to place substantial constraints upon any hypothesis postulating hydrous magmas beneath mid-ocean ridges. Nevertheless, when some of the apparent constraints are examined in detail, they are not so restrictive as they seem. For instance, when the H 2 O/CO 2 ratios of glass inclusions within phenocrysts are used to deduce magmatic volatiles contents, it is assumed that these gases are trapped within the growing crystals in the same ratio as they occurred in the surrounding liquid. This may not be the case for water and carbon dioxide, as Delaney et al. (1978) clearly recognized. The glass inclusions studied by these investigators ranged from <l µm to 1 mm in diameter (op. cit., p. 584). All but the smallest of these could be trapped by the growing face of a crystal only if this was forming so fast that skeletal protrusions surrounded small volumes of the adjacent liquid. Cellular outgrowth of the faces of a free-floating crystal requires a diffusion-controlled mechanism (Cahn, 1967) . Local crystal-melt interface instabilities arise through failure of crystal-forming components to diffuse fast enough through the liquid boundary layer, adjacent to the interface, to provide a uniform flux to the growing face. The diffusion coefficients at liquidus in basaltic melt of the various cations essential to the formation of olivine and calcic plagio- clase range from about 3 × 10-6 tol0-7 crnVs (Hofmann and Magaritz, 1977; personal communication, R. Lowry, 1979) . The diffusion coefficient of carbon dioxide under similar conditions is 4 × 10~8 cm 2 /s (Muehlenbachs and Kushiro, 1974) , whereas the coefficient for water is only about 2 × 10~5 crnVs (Sparks, 1978) . If the relative magnitudes of these diffusion coefficients are correct, it would seem possible that carbon dioxide may be retained strongly, relative to water, during the entrapment of glass within the phenocrysts of ocean-floor basalts.
Figure 2. Si versus AI (cation proportions on a 6-oxygen basis) in pyroxenes within basalts and dolerites from the East Pacific Rise (EPR), OCP Ridge (OCPR), and Siqueiros fracture zone. The key to the symbols is on the diagram.
Although it is generally assumed that the phenocrysts in ocean-floor lavas grew within some sort of magma chamber in the crust beneath spreading axes, there is lit- Thus, mixing models which postulate the ingress of phenocryst-laden primitive magmas into crustal reservoirs imply that their phenocrysts formed at greater depth, within the upper mantle. Bender et al. (1978) have proposed, on the basis of melting experiments, that the Carich clinopyroxene occurring as sparse rounded and embayed "xenocrysts" in many ocean-floor lavas was initially precipitated at a depth of 30 km or more. Sigurdsson and Schilling (1976) have suggested that the Al-rich spinels found in some Mid-Atlantic Ridge lavas also crystallized at high pressures. It seems possible, there-fore, that the comparatively large olivines and plagioclases analyzed for carbon dioxide and water by Delaney et al. (1978) and Muenow et al. (1979) were precipitated, while the magmas containing them were still within the upper mantle. Delaney et al. (1978) postulated influx of water into ocean-floor magmas rising beneath spreading centers, in order to explain the high H 2 O/CO 2 ratio of their pillow-margin glasses. In view of the points discussed here, it seems logical to suggest that water entered these magmas while they were within the oceanic crust. Edmond et al. (1979) have argued that, immediately beneath spreading axes, sea water penetrates the ocean crust to a depth of 3.2 to 4.2 km. There are many published petrological descriptions of dredged or drilled samples of unlayered gabbros-some enclosing dykeswhich appear to have originated from the upper part of Layer 3 of the oceanic crust. The descriptions of hydrous minerals in these rocks (e.g., Cann, 1971; Christensen and Salisbury, 1975) show that they were exposed to abundant water at sub-solidus temperatures, and that some of it entered the magmas. Muenow et al. (1979) discussed how sea water might be incorporated into magmas below spreading centers, in the light of the various known isotopic parameters of these aqueous and silicate liquids. They suggested that, rather than entering the basic melt directly, most of the water was first incorporated into hydrous minerals in metabasites and then released into subsequent upwelling magma batches during contact metamorphism and dehydration of the hydroxylated phases.
The influx of only a small amount of water into an anhydrous basaltic magma-less than the amount necessary to saturate it at even low pressures-will cause a substantial reduction in the temperature of crystallization of plagioclase in the cooling liquid, relative to other silicates (Kushiro and Thompson, 1972) , together with a shift of the composition of the precipitating feldspar toward anorthite. Using the data of Yoder (1969) (his fig. 4 ), it may be estimated that a/? H2θ of approximately 100 bars, or slightly less, would cause the precipitation of the calcic plagioclase phenocryst cores in these lavas. Such a p H2 o value could be attained in magma within the upper part of Layer 3 of the oceanic crust by water as a minor component in a CO 2 -dominated dissolved vapor phase, as implied by the data of Delaney et al. (1978) . The presence of mixed volatiles would prevent the application of results from simple hydrous systems (Yoder, 1969) to quantification of the relationship between p H2θ and the composition of the crystallizing plagioclase. But the authors are unaware of any more appropriate data.
If the phenocryst textures in Leg 54 basalts are ascribed to a change in the physical conditions affecting the magmas, this change must be able to account for the following features: (1) abrupt cessation of growth of the calcic plagioclase phenocrysts, (2) resorption and reprecipitation or discontinuous normal zoning, giving in each case a jump of about 10 per cent An in the composition of the crystallizing plagioclase ( Table 2 ). The resorption of the calcic plagioclase is extreme in Samples 421-3-1 (Piece 14) and 428-5-4 (Piece 12). It may of course have gone to completion in other Leg 54 lavas.
A fall in p H2 o during the uprise of the magmas from the top of Layer 3 to the ocean floor would explain the observed sequences of plagioclase phenocryst crystallization. Such a water loss from an upwelling magma would cause it to become supersaturated, allowing the rapid crystallization of the skeletal glomerophyric assemblages. Expansion of the plagioclase stability field, relative to that of ferromagnesian silicate phases, under these conditions (Kushiro and Thompson, 1972) would result in plagioclase-dominated glomerophyric clusters, as are observed particularly well in the eruptive unit from which Sample 422-9-2 (Piece 4c) (Plate 1) is taken.
The final upwelling of the magmas must have been comparatively rapid, in order to preserve the small calcic plagioclases from complete dissolution. This time restriction precludes the escape of their contained water by diffusion, which would in any case be an improbable postulate for water-undersaturated melts. We therefore posit that these crystal-poor, low-viscosity magmas vesiculated and lost part of their dissolved water very rapidly during effervescence within conduits between their magmas reservoirs and the ocean floor. The high surface-to-volume ratio implied for these conduits suggests that they were dykes.
At first sight, this postulate that water was lost during pre-eruption effervescence of the Leg 54 magmas contradicts the conclusions of Moore et al. (1977) and Delaney et al. (1978) that the gas species which becomes saturated and vesiculates in magmas upwelling beneath spreading axes is carbon dioxide. There is, in fact, no contradition. As CO 2 bubbles nucleate, grow, and eventually escape from a magma containing a dissolved mixed-volatile phase, the undersaturated gases, such as water, will partition between the silicate liquid and the gas-filled bubbles, as discussed by Anderson (1975) and Mysen (1977) . Paradoxically, therefore, the effervescence of CO 2 from a CO 2 -saturated magma would also reduce its water content. If the relatively high rates of bubble loss-suggested by Delaney et al. (1978) -are correct, the partitioning of water between bubbles and surrounding liquid may be controlled more by diffusion kinetics than equilibrium. It was noted above that water has a much larger diffusion coefficient than CO 2 in basalt magma. Efficient removal of water in escaping CO 2 bubbles therefore seems likely.
If this hypothesis is correct, the glomerophyric clusters are irrelevant to any discussion of phenocryst fractionation from the Leg 54 magmas within intratelluric reservoirs, because they precipitated in the near-surface dykes feeding the eruptions. The final stage of development of phenocryst textures in Leg 54 lavas was the local further post-extrusion growth of glomerocrysts, within the centers of pillows or thick flows.
The geophysical parameters of the East Pacific Rise in the area drilled during Leg 54 have been determined recently by Orcutt et al. (1975) and Rosendahl et al. (1976) , and discussed by Rosendahl (1976) . Humphris and Thompson (accompanying chapter) give a general account of the postulated evolution of the Leg 54 magmas within the established geophysical constraints. One aspect of the overall model is relevant to this mineralogy chapter. Rosendahl (1976) argues that the seismic velocity distribution in the upper part of Layer 3 (1.5 to 3.5 km depth), beneath the axial horst of the East Pacific Rise, is such that calcic plagioclase must be the dominant mineral in the rocks at this depth. To quote him {op. cit., p. 5310): "The rocks need not be true anorthosites but they may approach anorthositic gabbroic compositions. This is rather a startling conclusion in terms of existing models of oceanic crust." The present mineralogical studies of phenocrysts in East Pacific Rise lavas drilled during Leg 54, combined with the experimental data of Yoder (1969) concerning the anorthite content and high ratio of plagioclase to ferromagnesian minerals in the phases precipitating from hydrous basaltic magmas, lead to precisely the same "startling conclusion" as Rosendahl (1976) .
Two further points need emphasis. First, the mineralogical record of the pre-quench evolution of the Leg 54 basalts, as contained in their phenocrysts, seems to extend only backwards to the stage where these magmas reached the upppermost part of Layer 3 in the EPR crust in a hydrous state. All inferences about the evolution of these magmas between their genesis and a level about 4 km or less beneath the surface must therefore be made entirely from the chemistry of the samples (Humphris and Thompson, accompanying chapter). Secondly, the record preserved in their phenocryst mineralogy shows that the OCP Ridge basalts passed through exactly the same near-surface stages of magmatic evolution as the East Pacific Rise samples. This observation carries obvious implications about the possible source of the OCP Ridge lavas which fall beyond the scope of this chapter.
CLINOPYROXENE CRYSTALLIZATION TRENDS IN THREE DOLERITES
Some of the OCP Ridge units drilled during Leg 54 were doleritic, with equigranular-intersertal and subophitic intergrowths of plagioclase and clinopyroxene, up to 3 mm in grain size. It is not completely clear whether these rocks come from sills or (probably) the interiors of thick lava flows. All the samples from Site 427 (Siqueiros fracture zone) are also dolerites, containing sparse plagioclase and augite phenocrysts (Plate 1, Figure 8 ). The pyroxene zoning in Samples 422-7-1 (Piece 9), 427-10-3 (Piece 3), and 428A-5-2 (Piece 5a), has been studied. Olivine (Fo 85 ) is present as small, sparse, rounded grains in Sample 422-7-1 (Piece 9). It also occurs, with similar textural relationships, in other OCP Ridge dolerites, such as Sample 428A-6-1 (Piece 6) ( Table 2 ), but is absent from the two other samples studied in detail.
Pyroxene analyses from the three dolerites are summarized in Table 3 and Figures 2, 4 , 5, and 6. The pyroxene crystals in all three samples have colorless cores and pale brown rims, adjacent to interstitial areas rich in Fe-Ti oxide. Some grains show shadowy extinction, but virtually no definite sector-zoning can be detected optically.
Sample 422-7-1 (Piece 9)
On Figure 6 it is apparent that the centers of pyroxene grains in this sample show a wide range of Ca/Mg ratios at an approximately constant Mg/Fe ratio (from Ca 43 Mg 46 Fe π to Ca 31 Mg 56 Fe 13 ). Figure 4 shows that the Ti and Al contents of these grain-center analyses are strongly bimodal, at the extreme ends of the trend shown by East Pacific Rise and Siqueiros fracture zone pyroxene phenocrysts in Figure 3 . It seems likely, therefore, that the varying core compositions in the Sample 422-7-1 (Piece 9) pyroxene grains are due to sector-zoning, with the Ca-Al-Ti-rich zone or zones forming the bulk of the crystals.
On Figure 6 the rims of the Sample 422-7-1 (Piece 9) pyroxenes show iron enrichment at constant Ca/Mg, relative to crystal cores. The extent of iron enrichment varies greatly from grain to grain at different points around the margin of each crystal. Figure 4 shows that the predominant Ti-Al trend from cores to rims of pyroxenes in this dolerite is for Ti to rise and Al to fall, so that the atomic ratio of these elements approaches Vi. It is apparent from Figure 2 that the amount of A1 VI in the pyroxenes of all three dolerites decreases from cores to rims of crystals. Chromium shows a similar trend, so that the only significant minor-element substitution in the rim pyroxene is CaTiAl 2 O 6 .
Sample 427-10-3 (Piece 3)
The pyroxene phenocrysts in this sample are homogeneous (Ca 41 Mg 48 Fe π ) in their major-element composition. Figure 6 shows that analyses of the cores of groundmass crystals include a group at Ca^ Mg 46 Fe 14 , plus scattered points within the same field as the zoning of individual grains. This is approximately toward ferrosilite, with concomitant rising Fe/Mg and falling Ca/Mg ratio. The trends of zoning within individual grains are irregular on Figure 6 . In Figure 4 it is apparent that the main trend of Ti and Al variation is a decrease of both these elements from the cores to the rims of crystals. While the zoning of Al is the same in this sample as in Sample 422-7-1 (Piece 9), that of Ti is the opposite. It is tempting to attribute this relationship to the early precipitation of Fe-Ti oxide in Sample 427-10-3 (Piece 3). Consideration of Sample 428A-5-2 (Piece 5a), however, shows that the controlling factor is the fall in Ca/Mg ratio from cores to rims of crystals. Ca-poor pyroxene can incorporate much less Ti and Al than Ca-rich pyroxene.
Sample 428-5-2 (Piece 5a)
This was the coarsest of the three dolerites studied and proved to be the most satisfactory for detailed investigation (Plate 1, Figure 9 ). The texture of this sample is not strictly a homogeneous dolerite. Most of the rock consists of a coarse intergrowth of plagioclase and pyroxene, but there are also areas (a few per cent) of fine-grained skeletal plagioclase, pyroxene and Fe-Ti oxides.
When viewed through crossed nicols at extinction, some of the pyroxene crystals may be seen to have perfectly euhedral cores, showing sharp extinction (Plate 1, Figure 9 ). These are surrounded by mantles of pyroxene with shadowy extinction. The latter usually takes the form of progressive radial changes of a few degrees in extinction angle; only in one or two cases can very faint signs of optical sector-zoning be observed. The birefringence rises steadily in the outer mantles of these pyroxenes, toward their rims; this phenomenon is only prominent when it includes the first-order sensitive tint. The extent of marginal birefringence-zoning varies from point to point around the perimeter of each crystal, but is always greatest adjacent to a groundmass area. In some places there is local irregular banding, on a scale of 10 to 20 microns, of slight birefringence changes within the marginal high-birefringence zones. In contrast with the zoned pyroxenes in many alkalic rocks (e.g., , there is no sign in planepolarized light of any fine-scale color banding within the Sample 428A-5-2 (Piece 5a) pyroxenes.
Textural relationships imply that the large zoned pyroxenes were coprecipitated with plagioclase alone. The euhedral pyroxene cores are mostly free from inclusions, but a few enclose plagioclase. The zoned mantles of the pyroxenes extend poikilitically around abundant plagioclases, while Fe-Ti oxides are confined to interstitial areas.
Microprobe analyses of the euhedral pyroxene crystal cores cluster around Ca 41 . The outer mantles and rims of these pyroxenes show variable zoning along a scattered trend toward the ferrosilite apex of Figure 6 , together with optically continuous overgrowths of very small amounts of pigeonite.
The almost total lack of optical sector-zoning in the Sample 428A-5-2 (Piece 5a) pyroxenes makes the role of this phenomenon in their chemical variation hard to study. Some progress has been made by focusing attention on the few sections which intersect the euhedral cores of the crystals, together with other diagnostic features such as cleavage and twinning. Use of such sections confirms that the inner mantles of these pyroxenes are Ca/Mg sector-zoned, with a high Ca/Mg ratio in the (110) and (010) sectors and low Ca/Mg ratio in the (100) sector (Table 3) .
Analyses from the rims of crystals are very scattered on Figure 6 . All the points on outer mantles and rims (from crystallographically indexed sectors) which plot near the sub-calcic augite field are in (100) sectors. Reconnaissance microprobe traverses across several crystals produce diverse zoning trends, including zigzags, on Figure 6 . A single detailed traverse from core to rim of a crystal exhibiting strong marginal birefringence zoning is illustrated in Figure 5 . It is not possible to index with certainty the crystallographic sector containing the traverse, because there is no euhedral core within this particular grain. Nevertheless, by analogy with other crystals, the sector appears to be (100). The rim of this crystal adjoins a groundmass area. While the overall Ca-Mg-Fe trend along this traverse is toward higher Fe/Mg ratio at the margin than in the core of the crystal, the most striking feature of Figure 5 is the strong oscillatory zoning of Ca/Mg, on a wavelength of about 300 microns, in the outer mantle of the grain. It is clear that this radial oscillatory Ca/Mg zoning swamps the effects of any sector-zoning in the outer mantles and rims of these pyroxenes.
Ti-Al relationships in the Sample 428A-5-2 (Piece 5a) pyroxenes are complex (Figure 4) . Analyses of euhedral crystal cores cluster around the point Ti = 0.01, Al = 0.07. Points on the inner mantles of grains have higher Ti (-0.02) and Al (-0.10) cation proportions but do not show any distinct sub-grouping of these elements, corresponding to sector-zoning. Points on the rims of crystals fall on the TiAl 2 line. The plot of Ti and Al along the detailed traverse ( Figure 5 ) shows the complex way in which these two elements behave in the Sample 428A-5-2 (Piece 5a) pyroxenes. The remarkable zigzag, loop-the-loop course taken by this traverse reflects the control exerted upon the Ti and Al in this pyroxene by changes of Ca/Mg ratio during radial oscillatory zoning of the latter; a low Ca/Mg ratio correlates with low Ti and Al.
Pigeonite in Sample 428A-5-2 (Piece 5a) Pigeonite is very rare in this sample. It occurs as tiny elongate epitaxial outgrowths from the rims of the large Ca-rich pyroxenes. These outgrowths never protrude into interstitial areas. In every case observed, one or both of the prism faces of the pigeonites (as seen in thin section) are in contact with plagioclase. The pyroxene of the main crystal immediately adjacent to each pigeonite overgrowth is not sub-calcic (Figure 6 ), but has a composition loosely clustering around Ca 36 Mg^ Fe 20 . The crystallographic sector of this outer-mantle pyroxene adjacent to pigeonite has been determined in one case; it is (110).
Discussion of Sample 428A-5-2 (Piece 5a) Pyroxenes
The zoning trends and pigeonite overgrowths exhibited by the pyroxenes in this sample are very similar to recorded features of pyroxenes in lunar basalts (Bence et al., 1971; Boyd and Smith, 1971; Hollister et al., 1971) . The main difference is that the low/ θ2 in the near-surface lunar environment permits extreme iron enrichment at the rims of lunar pyroxenes. The radial Ca/Mg zoning and appearance of marginal pigeonite in Sample 428A-5-2 (Piece 5 a) show the same crystallographic control as in lunar lavas. Thus, Boyd and Smith (1971) (their figs. 1 and 2) have contrasted zoning within the (110) and (100) sectors of pyroxene phenocrysts in the lunar sample 12021. The (110) sector in 12021 pyroxene shows, within its inner mantle, an outward zoning trend of rising Fe/Mg ratio at constant Ca/Mg ratio (~Wo 35 , but with small Ca/Mg oscillations), followed by epitaxial pigeonite overgrowth. The inner mantle of the (100) sector in 12021 pyroxene has lower Ca/Mg (~Wo 28 ) than (110). The outward (100) zoning trend is toward sub-calcic augite, with progressively higher Fe/Mg, and thence through gradual transition to pigeonite. Zoning in the (110) and (100) sectors of Sample 428A-5-2 (Piece 5a), described above, is extremely similar to that in the lunar pyroxenes reported by Boyd and Smith (1971) , except that the sub-calcic trend in the (100) sector is less pronounced in the terrestrial pyroxene.
Finally, some observations and inferences concerning the controls on pigeonite crystallization in Sample 428-5-2 (Piece 5a) are summarized. First, it is clear from Figure 6 that the relationship between Ca-rich and Capoor clinopyroxene in this dolerite is not that of an equilibrium solvus. This feature is consistent with the radial oscillatory and sector-zoning of the large augites, indicating metastable crystallization under supersaturated conditions. Secondly, pigeonite appears to have nucleated only upon the (110) faces of the large augites. Boyd and Smith (1971) present a full but inconclusive discussion of the possible factors that may cause the epitaxial overgrowth of pigeonite on some faces, such as (110), rather than others, such as (100), of augite. Thirdly, the pigeonite outgrowths appear to be excluded from groundmass areas and confined to sites in the rock where they have a prism face in contact with plagioclase. Such a textural relationship is, of course, difficult to demonstrate conclusively from the two-dimensional view afforded by a thin section. Nevertheless, it holds for every pigeonite crystal observed to date in this dolerite.
This pigeonite-plagioclase relationship may not be coincidental, but may result from nucleation of Ca-poor pyroxene occurring only on (or very near to) the surface of plagioclase crystals. The evidence given above for comparatively rapid metastable growth of the large zoned augites implies similar conditions for the coprecipitating, strongly zoned plagioclases in the rock. As these feldspars grew, the boundary layer of magma within a few microns of their advancing crystal faces would have been depleted in Ca and enriched in Mg and Fe, relative to the main body of interstitial liquid. Nucleation of Ca-poor pyroxene would be favored by the low Ca/(Mg + Fe) ratio in this boundary layer. Donaldson (1975b) has suggested a similar explanation for the occurrence of tiny inclusions, approximately sub-calcic augite in composition, arranged in concentric zones within the plagioclase phenocrysts of some basalt dykes. The combined pre-conditions of a (110) augite face touching a fast-growing plagioclase crystal, at the appropriate stage in the overall crystallization of the rock, would have been rare enough to explain the very sparse occurrence of pigeonite in Sample 428A-5-2 (Piece 5 a).
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PLATE 1
Length of scale bar is 1.5 mm.
Figure 1
Phenocrysts of plagioclase and attached augite in a groundmass of glomerophyric clusters of these phases, within devitrified glass. Sample 423-8-1 (Piece 4). Augite crystal within dolerite. Sample 428A-5-2 (Piece 5a). The section is cut approximately perpendicualr to the z axis of this crystal. Note the euhedral core, zoned mantle and rims (intergrown with plagioclase), trace of {110} cleavage and development of a euhedral crystal outline adjacent to a (dark) groundmass area.
